We correlate oscillations in the hydrologic and/or cryologic balances of four Great Basin surface-water systems with DansgaardOeschger (D-O) events 2-12. This correlation is relatively strong at the location of the magnetic signature used to link the lake records, but becomes less well constrained with distance/time from the signature. Comparison of proxy glacial and hydrologic records from Owens and Pyramid lakes indicates that Sierran glacial advances occurred during times of relative dryness. If our hypothesized correlation between the lake-based records and the GISP2 d 18 O record is correct, it suggests that North Atlantic D-O stades were associated with relatively cold and dry conditions and that interstades were associated with relatively warm and wet conditions throughout the Great Basin between 50,500 and 27,000 GISP2 yr B.P. The Great Basin lacustrine climate records reinforce the hypothesis that D-O events affected the climate throughout much of the Northern Hemisphere during marine isotope stages 2 and 3. However, the absolute phasing between lake-size and ice-core d
Introduction
During the past decade, high-resolution d
18 O data sets from the Greenland ice sheet (Johnsen et al., 1992 (Johnsen et al., , 1997 Grootes and Stuiver, 1997; Stuiver and Grootes, 2000) have permitted recognition of 24 interstades within the last glacial cycle (Dansgaard et al., 1993) . Each interstade begins with a large and abrupt increase in d
18 O (warming), usually followed by a much slower transition (cooling) to a d 18 O minima. These stadialinterstadial oscillations have become known as Dansgaard-Oeschger (D-O) cycles. Bond et al. (1993) were the first to link ice and marine records, showing that proxy sea-surface temperature (SST) records from two North Atlantic sediment cores could be correlated to match the Greenland d 18 O record. They noted that millennial-scale D-O cycles were bundled into longer-duration cooling cycles, each terminated by an abrupt shift from cold to warm temperatures. Exceptionally large discharges of icebergs known as Heinrich events (Heinrich, 1988; Broecker et al., 1992) occurred near some of the terminations.
Since 1993, a variety of other proxy-climate records from both marine and continental sites have been linked to the GISP2 d 18 O record. Rasmussen et al. (1996) showed that magnetic susceptibility and foraminiferal assemblage variations in a sediment core taken from the coastal margin north of the Faroe Islands could be matched to D-O events 3-15. Gentry et al. (2003) found rapid climate oscillations coincident with D-O events between 83,000 and 32,000 yr ago, using the d 18 O and d 13 C records of a stalagmite collected in southwest France. Farther south in the subtropical North Atlantic, Sachs and Lehman (1999) matched oscillations in alkenone-derived SST records to D-O events 5-17, using changes in sediment lightness, a proxy for CaCO 3 content that had been previously linked to the GISP2 d 18 O record (Boyle, 1997) . In the tropical Atlantic Cariaco Basin, Hughen and colleagues (Hughen et al., 1996; Peterson et al., 2000) linked records of marine productivity, precipitation, and South American river discharge to D-O events 1-21. Altabet et al. (2002) showed that oscillations in d 15 N, %N, and total chlorines in sediment cores taken from the Arabian Sea corresponded to D-O events 1-17, suggesting that atmospheric forcing of Northern Hemisphere climate altered the intensity of upwelling associated with the summer monsoon. And in eastern China, stalagmites from the Nanjing area indicate d
18 O oscillations that appear to correspond to D-O events 1-21, suggesting a strong correspondence of East Asian Monsoon intensity with Greenland air temperature (Wang et al., 2001 ). In the western tropical Pacific, Stott et al. (2002) have argued, using d
18 O and the Mg/Ca compositions of planktonic foraminifera, that the salinity of the Pacific warm pool has varied in accordance with D-O events 1-19. Salinities were higher at times of high-latitude cooling (D-O stades) and lower during interstades. On the California margin, Behl and Kennett (1996) , Hendy and Kennett (1999) and Hendy et al. (2002) have correlated changes in lamination style, planktonic d
18 O, and foraminiferal assemblages in core ODP 893A with the GISP2 d 18 O record. Heusser (1998) analyzed pollen from the same core and showed that several sea-surface warming events were accompanied by increases in plants such as oak that prefer a warm climate. In addition, Seki et al. (2002) Hinnov et al. (2002) have shown that D-O cycles also occur in southern ice-core records. This study appears to demonstrate that the temperature perturbation accompanying D-O events is global in scale, although the perturbation in the Southern Hemisphere has only B1/10th the power of the perturbation in the Northern Hemisphere.
In this paper, we attempt to add an additional link to the chain of studies that demonstrate that D-O cycles affected the climate of much and perhaps all of the Northern Hemisphere. Climate records from the Summer Lake, Mono Lake, Owens Lake, and Pyramid Lake basins are presented herein. These surface-water systems span 1000 km of latitude and are located near the western margin of the Great Basin, western US (Fig. 1) . Today, and in the past, the four surface-water systems receive(d) fluid input mostly derived from cool-season frontal systems associated with the movement of the polar jet stream (PJS) (Pyke, 1972; Manabe and Broccoli, 1985; Kutzbach and Guetter, 1986; Benson and Thompson, 1987) . Discovered by Ooishi (1926) , the PJS is a permanent feature of the climate system and can be thought of as a teleconnection that links hemispheric weather anomalies along a moderately narrow band. Today, the time-integrated width of the precipitation anomaly spans B1500 km and is concentrated slightly north of the jet (Starrett, 1949; Riehl et al., 1954) .
During the last late-Pleistocene lake cycle, Summer Lake and Lake Abert coalesced to form Lake Chewaucan, a hydrologically closed system (Russell, 1884) . Mono Lake remained hydrologically closed (Russell, 1889) , Owens Lake frequently overflowed to China Lake (Smith et al., 1997) , and Pyramid Lake (part of Lake Lahontan) overflowed at various times and elevations to three adjacent basins (Russell, 1885) . Today, all four basins are hydrologically closed and water diversion has resulted in the desiccations of Summer Lake and Owens Lake. Fig. 1 . Map showing locations of principal lakes in the western Great Basin. Solid areas indicate lakes and sinks that held water at least intermittently within the last 100 yr. Also shown are the boundaries of these lake systems during their highstands (between B16,000 and B14,000 cal yr B.P.).
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Previous high-resolution studies of western Great Basin lakes
High-resolution (sample resolution o100 yr), 14 Cbased records of Great Basin lakes have previously been published by Benson and his colleagues, including studies of Owens Lake (Benson et al., 1996; Benson et al., 1998a) , Mono Lake (Benson et al., 1998b) , and Pyramid Lake/Lake Lahontan (e.g., Benson, 1999) . These records amply demonstrate that centennial-tomillennial-scale climate change occurred in the western Great Basin during the late Pleistocene; however, age control for these records has not been adequate to demonstrate a clear relationship to D-O cycles (Benson, 1999) . One of the issues with regard to correlation is whether large and abrupt oscillations in the airtemperature regime of the North Atlantic or tropical Pacific would be expected to result in near-synchronous changes in the hydrologic balances of Great Basin surface-water systems. It can be argued that atmospheric propagation of a temperature perturbation could instantaneously affect the mass balance of Sierran glaciers inasmuch as summer temperature appears to control the rate of glacier ablation. However, it is not obvious that air temperature by itself can cause a major change in the hydrologic balance of a Great Basin lake. Evaporation from a lake surface does not simply depend on the air temperature of the boundary layer that overlies the lake surface. Instead, it depends on the gradients of temperature and humidity that exist between the lake surface and the boundary layer. If a cooler air mass is advected over a lake basin, the lake's surface layer also cools in response, thereby reducing the temperature gradient and potential evaporation rate.
Late-Pleistocene variability in the hydrologic balances of Great Basin lakes is perhaps best understood in terms of the repositioning of the mean path of the PJS (e.g., Benson and Thompson, 1987) . For example, Hostetler and Benson (1990) used a coupled thermal-water balance model to show that the introduction of cloud cover associated with a jet-stream climatology would, by itself, reduce evaporation from Pyramid Lake/Lake Lahontan by B1/3rd. Zic et al. (2002) recently published an isothermal remanent magnetization (IRM) record from Summer Lake, Oregon, that they correlated with the GISP2 record. The IRM record is primarily an indicator of the amount of magnetite in a sample. Zic et al. (2002) have argued that low magnetite values resulted from reductive dissolution of magnetite under anerobic conditions produced by decomposition of organic matter during periods of high productivity. They hypothesized that these conditions occurred during shallow-water stadial periods. This argument is supported by data from other cores taken in the Summer Lake basin that show that low IRM values are associated with high total organic carbon (TOC) values, an indicator of productivity . Furthermore, low IRM values were also shown to correspond to low-lake intervals in other cores from the Summer Lake Basin as inferred from lithologic, granulometric, and paleontological proxies for lake size Negrini et al., 2000) . Zic et al. (2002) stretched the IRM record, plotted on a log scale, so as to match positive excursions in IRM (deep-water Summer Lake/Lake Chewaucan interstades) with D-O interstades. The argument for matching Summer Lake/Lake Chewaucan wet periods with Greenland interstades is, on its face, not as strong as the Bond et al. (1993) (Benson et al., 1998b; Benson, 1999; Benson and Paillet, 2002; Benson et al., 2003b) .
Age models for Great Basin Lake records
One of the objectives of this paper is to employ linked age models for Great Basin climate records that are independent of, rather than stretched to match, the GISP2 record. We used climate records from four lake basins: Summer, Pyramid, Mono, and Owens ( Fig. 1) . Pyramid Lake core PLC92B and Owens Lake core OL90-2 have the most complete and consistent 14 C data sets. In addition, Pyramid Lake exhibited only a small (p600 yr) reservoir effect during the late Holocene (Benson et al., 2002) . Our overall strategy was to transfer parts of the PLC92B 14 C record to other sediment records, using the PLC92B-based ages of two well-dated tephra (Wono tephra and Wilson Creek Ash #15) (Fig. 2) .
All four climate records were linked to core PLC92B via the position of Ash #15 or via distinctive paleomagnetic features in the Mono Lake excursion (MLE) associated with Ash #15. This tephra occurs within the upper part of the lower of two magnetic inclination peaks associated with the MLE (see Fig. 10b in Liddicoat, 1992) . For records that contain the MLE, but do not contain Ash #15, we refer to the location of
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the distinctive paleomagnetic feature that is elsewhere associated with Ash #15 as the MLE15 feature.
Comparison of the PLC92B 14 C-based age of Ash #15 with its estimated 14 C age in other lake records allows us to estimate the reservoir effect in each of the other lakes. For the calculation, the Pyramid Lake reservoir effect was assumed negligible. This assumption is an approximation and derives from the fact that Pyramid Lake may have been hydrologically closed during much of the late Holocene; however, between 45,500 and 23,000 yr B.P. the lake frequently overflowed into either the Winnemucca Lake Basin or the Smoke-Creek Desert. During overflow, the dissolved inorganic carbon (DIC) concentration rapidly decreases, facilitating the CO 2 exchange process, thus reducing the magnitude of the reservoir effect.
Reservoir-corrected 14 C data were then used to construct calendar-age models for each of the lake records, using the calibration data set of Voelker et al. (1998) . Because this particular calibration is tied to the GISP2 age model, corresponding calibrated ages should be closely equivalent to GISP2 ages. C age control and tie points between the Summer Lake B&B core, Pyramid Lake core PLC92B, Owens Lake core OL90-2, and the WC CIS. Locations of 14 C dates are shown by small filled circles; dates are listed as 10 3 yr B.P. The heavy dashed lines drawn between OL90-2 and the WC CIS connect the upper and lower values of a series of PSV tie points shown as thin dashes on the left sides of the cores. The location of the MLE is shown by a solid rectangle. The entire MLE is present in SL B&B and in the WC CIS; only the upper part of the MLE is found in the Pyramid Lake basin. The dotted line connects the actual location of Ash #15 or the paleomagnetic feature associated with MLE15 in all four basins. Ash #15 is present within the MLE in the WIC CIS. The position of MLE15 in PLC92B was determined using its position relative to the positions of well-dated tephras found in sites that border Pyramid Lake (Benson et al., 2003a) . MLE15 in the SL B&B core was determined from its position within the MLE. MLE15 in OL90-2 was obtained from extrapolation of a PSV-based correlation between OL90-2 and the WC CIS (Fig. 3D). 3.1. The Pyramid Lake (Lake Lahontan) age model
The age model for core PLC92B is based on 12 AMS 14 C values (Table 1) . Pyramid Lake was assumed to have a zero reservoir effect, and the raw 14 C values were converted to GISP2 ages (Fig. 3A) using the Voelker et al. (1998) data set (See Fig. 2 in Benson et al., 2003a) . Because the assumption of zero reservoir effect is an approximation, the reader may wish, when viewing the lake-based climate records, to visually ''slide'' the records by as much as 600 yr in the ''younger'' direction.
The Summer Lake B&B age model
The age model for the B&B core was linked to core PLC92B via the positions of the Wono tephra and Ash #15 in PLC92B and the position of the Wono Tephra and MLE15 in the B&B core (Fig. 2) . The value of the Summer Lake reservoir effect (B3500 yr) was obtained by subtracting the 14 C age of MLE15, obtained from a linear fit to the raw 14 C data for the B&B core (Table 1) , from the 14 C age of Ash #15 (28,6207300 14 C yr B.P.), obtained from the PLC92B 14 C age model (Benson et al., 2003a ). The reservoir effect was then subtracted from the raw B&B 14 C data (Table 1) (Fig. 3B ) and the reservoir-corrected 14 C data were converted to GISP2 ages (Fig. 3C ).
The Owens Lake age model
The OL90-2 age model was created by correlating 27 distinctive inclination and declination features found in the upper parts of the Wilson Creek composite isotope section (WC CIS) and core OL90-2 (Figs. 2, 4, Table 2 ). The depth-depth relation resulting from this correlation was extrapolated to the MLE15 feature in core OL90-2 (Fig. 3D) . The age of Ash #15, estimated from the PLC92B age model, was compared with the apparent age of MLE15 in the OL90-2 record which had been calculated using a raw 14 C age model, developed from the OL90-2 14 C data set (Table 2 ). It was determined that a reservoir effect of B450 yr existed in Owens Lake at the time of MLE15. The reservoir effect was subtracted from the raw OL90-2 14 C data (Table 1 ) and the reservoir-corrected 14 C data were converted to GISP2 ages (Fig. 3E) .
The Mono Lake/Wilson Creek Formation age model
The Wilson Creek Formation contains 19 volcanic tephra (ashes) which form the basis of stratigraphic control in the basin. The interval between Ash 4 and 5 is contorted and deformed in the Wilson Creek type section. To rectify this problem, samples that spanned this interval were obtained from the Wilson Creek South Shore site for use in constructing both the WC CIS (Benson et al., 1998b) and the Wilson Creek composite paleomagnetic section (WC CPS) (Lund et al., 1988) . In this paper, all isotopic and age data from the Wilson Creek Formation are given relative to depths in the WC et al. (2003a) . OL90-2 raw 14 C ages were corrected for a reservoir effect of 450 yr before conversion to GISP2 yr. Summer Lake B&B ages were corrected for a reservoir effect of 3500 yr before conversion to GISP2 yr. CAMS# 9254 was not used in the B&B age model as the date was stratigraphically out of order. CAMS is the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory. Fig. 3 . Age models for Pyramid, Summer, Owens and Mono lake systems. Radiocarbon years have been converted to GISP2 yr using the data of Voelker et al. (1998) . (A) Age model for Pyramid Lake core PLC92B based on 14 C data published in Benson et al. (1997) (Table 1) . (B) Raw 14 C date for Summer Lake B&B core (solid circles). Open circles indicate ages of Wono tephra and MLE15 calculated from their positions in core PLC92B. The position of MLE15 in the B&B core was calculated from its position within the MLE in the WC CPS (Lund et al., 1988) and the location and shape of the MLE within the B&B core . Dage refers to the value of the reservoir effect in Summer Lake at the time of the deposition of Ash #15 in the Pyramid Lake basin (28,6207300 14 C yr B.P.; Benson et al., 2003a) . (C) Age model (GISP2 yr) for the B&B core was constructed using the raw 14 C data (Fig. 3B) corrected for a 3500 yr reservoir effect and the data of Voelker et al. (1998) . Note that good age control for the B&B core extends from only B41,000 to 30,000 GISP2 yr (thick solid line). (D) Depth-depth correlation between magnetic features in the WC CIS and Owens Lake core OL90-2 (Table 2 ). An extrapolation to MLE15 in core OL90-2 is shown. Note that the correlation extends only from 1.1 to 4.7 m (B27,000 GISP2 yr) in the Wilson Creek section. (E) Age model (GISP2 yr) for core OL90-2 based on 14 C data presented in Benson et al. (1996) (Table 1) . (F) Age model for the WC CIS based on paleomagnetic feature correlations between the WC CIS (Lund et al., 1988) and core OL90-2 (Fig. 2, Table 2 ) and the core OL90-2 age model (Fig. 3E) . The open rectangles indicate the hypothetical locations of Heinrich events 2, 3, and 4, in the WC CIS based on a match of paleomagnetic features in the WC CIS and in north Atlantic sediment cores (Table 3) (Benson et al., 1998a, b) . Dates for the Heinrich events were taken from the GISP2 core (Grootes and Stuiver, 1997). Table 2) . To convert from depth in the WC CPS to depth in the WC CIS, the location of a feature relative to its position between bracketing ash layers was considered constant. Part of the core OL90-2 age model (Fig. 3E ) was linked to the WC CIS by matching paleomagnetic features (Fig. 2) . The WC CIS age model is based on this linkage (dots connected by fourth-order polynomial in Fig. 3F ) and a linear extrapolation from the oldest paleomagnetic tie point through the position and age of Ash #15 to the base of the WC CIS (Fig. 3F) . The locations of Heinrich events (H 2 , H 3 , and H 4 ) in the WC CIS, as determined by Benson et al., 1998b , were plotted on the WC CIS age model (open rectangles in Fig. 3F ). A comparison of the age ranges for each of the events with the midpoint of its age range deduced from its position in the GISP2 ice core (Table 3) indicates that the WC CIS age model yield dates that are B1300 yr too young at the time of Heinrich event 4; i.e., at B38,800 GISP2 yr B.P.
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Relative values of the reservoir effect
Above, we showed that reservoir effects for Pyramid Lake and Owens Lake were small compared to those for Mono and Summer lakes. We suggest that the value of the reservoir effect was largely due to the hydrologic state of each lake. Pyramid and Owens lakes were often hydrologically open during the late Pleistocene, whereas Mono and Summer lakes remained closed. DIC and calcium (Ca) are mainly introduced to Great Basin lakes via river discharge. In general, input waters have DIC/ Ca ratios >1; therefore, as CaCO 3 precipitates from lake water, the concentration of DIC increases monotonically with time. During hydrologic closure, the increase of DIC over time makes gas exchange less efficient and the value of the reservoir effect increases. There are two ways in which the surplus DIC (the source of the reservoir effect) can be removed from a lake: overflow and gas exchange. The residence time, and hence concentration of the DIC, in an overflowing lake is inversely proportional to the rate of overflow. Thus the faster the rate of overflow, the greater the efficiency of exchange of modern atmospheric carbon for ''dead'' lake carbon.
Methods used in obtaining d
18 O data for the Summer Lake B&B core Ostracodes (Limnocythere ceriotuberosa) were picked from 345 sediment samples taken from the Summer Lake core. Two hundred and sixty sets of ostracodes free from surface contamination were analyzed for d 18 O. Powdered carbonate material was analyzed using a Micromass Optima gas-source triple-collector mass spectrometer equipped with a dual inlet and interfaced (Fig. 5 , columns 2 and 3) Benson et al. (1996 Benson et al. ( , 1998a have shown that the Owens Lake TOC record reflects changes in water temperature and the amount of sediment delivered to Owens Lake during stadial and interstadial events. During glacial stades, glacial rock flour was input to the Owens basin surface-water system. The turbid water decreased light penetration and photosynthetic productivity, reducing the amount of TOC produced within the lake. Seasonal ice cover and decreased water temperatures associated with glacial stades led to further decreases in productivity. In addition, the increased glacial clastic flux diluted the fraction of organic carbon deposited in lake sediment.
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Proxies of climate change
Total organic carbon (TOC) records
Total inorganic carbon (TIC) records (Fig. 5, column 4)
Oscillations in TIC have been shown to correlate well with oscillations in d
18 O on a variety of time scales in Great Basin lakes (e.g., Benson et al., 2003b) . The mass of calcium input to most Great Basin lakes is a linear function of discharge, whereas the mass of siliciclastic sediment is an exponential function of discharge. This implies that the fraction of TIC deposited in the sediments of a hydrologically closed lake should decrease with increasing discharge (increasing lake size) and vice versa (Benson et al., 2002) . When a lake overflows, a further reduction in the fraction of TIC occurs because much of the inorganic carbon reaching the lake is lost via overflow.
The GISP2 d
18 O record (Fig. 5 , column 1)
The GISP2 d 18 O record is primarily a record of air temperature , with more negative values of d
18 O indicating times of decreased temperatures (stades). In the past few years, studies involving nitrogen and argon isotopes, contained in air trapped in polar ice cores, have shown that Greenland surface temperatures rose rapidly at the beginning of interstadials; i.e., 1672 C at the beginning of D-O interstade 19 (Lang et al., 1999) , 1573 C at the beginning of the Younger Dryas event (Severinghaus et al., 1998) , and B16 C for the B^lling transition (Fig. 2 in Severinghaus and Brook, 1999) .
Lacustrine d
18 O records (Fig. 5 , columns 5 and 6)
The d 18 O records of Great Basin lakes primarily reflect changes in lake volume (see Appendix A in Benson and Paillet, 2002) , with a decrease in d
18 O indicating an increase in lake volume or an increase in the rate of overflow. Some part of the variability in d
18 O is associated with changes in air and water temperature; however, the amount of variability associated with temperature change is difficult to evaluate quantitatively. For example, if it is assumed that stadial cooling of the Sierra Nevada was B5 C, the change in snowpack d
18 O would be -3.5%, for the elevations over which snow accumulates today (calculation assumes that dd 18 O/dT AIR =0.7% C À1 ; Dansgaard, 1964) . However, changes in surface-water temperature tend to parallel changes in air temperature (e.g., see Table 5 in Benson and Paillet, 2002) . Therefore, the d
18 O values of CaCO 3 precipitated from the same d
18 O value of lake water, but at the colder water temperature, GISP2 V age indicates that data from Voelker et al. (1998) were used to estimate the age of the event in the Wilson Creek section and GISP2 IC indicates that the age was estimated from the position of the midpoint of the Heinrich event in the ice core. Age difference indicates the probable error in the WC CIS age model relative to its GISP2 ice core age.
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would be B1.1% heavier (assumes that dd Neil et al., 1969) . The net À2.4% change in the d 18 O CaCO3 record represents a maximum negative value because stadial precipitation probably occurred at lower (warmer) elevations than it does today and also because cold-air drainage from Sierran alpine glaciers would have further lowered the surface-water temperatures of lakes located downslope from ice fields. Because the effect of a temperature decrease on the d
18 O value of a carbonate precipitated during a cold period is to decrease the value, the degree of wetness during a cold period is overestimated by its d
18 O value.
Linking lacustrine and GISP2 records
The position of MLE15 was linked to the GISP2 d 18 O record (Fig. 5, column 1 ) using the following procedure. A record of relative paleomagnetic field intensity for the North Atlantic region has been constructed by integrating magnetic data from six marine sediment cores (NAPIS-75 stack). The stacked record was linked to the GISP2 age model by correlation of the marine planktonic d
18
O record to the GISP2 ice-core d 18 O record . An intensity low centered at B34,500 GISP2 yr B.P. in the NAPIS-75 stack identified by Laj et al. (2000) as the MLE has also been linked to a distinct perturbation in the 36 Cl flux rate between D-O events 6 and 7 (32,800 and 34,500 GISP2 yr B.P.) in the GRIP ice core (Wagner et al., 2000) . The peak in the 36 Cl flux rate can be attributed to a minimum of the geomagnetic dipole field associated with the MLE. The MLE15 signature occurs above this intensity minimum and is located between D-O events 5 and 6 in Great Basin lakes.
Results
For the most part, the Owens Lake and Pyramid Lake TOC alpine-glacial proxy record (Fig. 5, columns 2 O record between 46,000 and 21,000 GISP2 yr. Age models for these records are shown in Fig. 3 . D-O interstades are numbered (2-12) and Heinrich events are denoted by a capital H with the event number in subscripts (H 2 -H 5 ). We have applied an informal D-O designation of 4.5, 7.5 and 8.5 to three minor peaks within the GISP2 record that also appear within the Summer, Pyramid, and Owens lake records. The location of Ash #15 or MLE15 is indicated by the dashed horizontal line. Ash #15 is located above the paleomagnetic low-intensity region of the MLE (Liddicoat, 1992) . The low-intensity region is roughly equivalent in time to a 36 Cl anomaly observed in the GISP2 core between D-O events 6 and 7 (Wagner et al., 2000) . record with maxima in the TOC records (Sierran interstades) corresponding to D-O interstades. This is consistent with the hypothesis that D-O stades are associated with a lowering of temperature across the Northern Hemisphere and vice versa. However, because we have not provided multiple linkages between the GISP2 and lacustrine records, we cannot assert unequivocally that Sierran glacial stades were synchronous with D-O stades.
The Summer Lake and Mono Lake d 18 O records (Fig. 5 , columns 5 and 6) have been linked using the position of Ash #15 or the MLE15 feature. (Fig. 5) . This is consistent with inaccuracies in the Mono Lake age model that were discussed in Section 3.4.
A comparison of the Summer Lake d 18 O record with the Owens Lake TOC record suggests that d
18 O minima (wet periods) were associated with TOC maxima (warm periods). This correlation is weak because the MLE15 feature is the only link between the two records. The best way to determine the relative phasing of glacial and hydrologic oscillations is to compare proxy records from a single sediment core. TOC and d
18 O records both exist for Owens Lake and Pyramid Lake (Benson, 1999 and references therein); however, after 37,500 GISP2 yr B.P., high rates of overflow in both basins, together with decreased water temperatures, allowed only intermittent precipitation of CaCO 3 . Precipitation probably occurred most frequently during warm, low-overflow periods. Therefore, the d 18 O records are not representative of typical or even average overflow conditions (Benson et al., 1996) .
However, maxima in TIC records have been shown to correlate extremely well with maxima in d 18 O records over a variety of time scales (e.g., Benson et al., 2002 Benson et al., , 2003b ). Thus we can compare TOC variability with TIC variability for the period 43,500-27,000 GISP2 yr B.P. in the Pyramid Lake core (Fig. 5, columns 3 and 4) . Such a comparison demonstrates that most Sierran glacial stades were associated with ''relatively'' dry conditions (TIC maxima).
The Owens Lake record between 51,000 and 37,500 GISP2 yr B.P. allows direct comparison of TOC, the airtemperature proxy, and d
18
O, the other hydrologicbalance proxy (Fig. 6) . The comparison indicates that minima in TOC are generally coincident with maxima in d 18 O, suggesting that Sierran stades were characterized by ''relatively'' dry conditions prior to 37,500 GISP2 yr B.P. (Fig. 6 ). Decreases in d 18 O were often initiated before increases in TOC, indicating that increases in wetness sometimes preceded the initiation of warming. The association of relatively dry conditions with decreased temperatures is consistent with decrease in saturation vapor pressure as a function of decreasing temperature; i.e., saturated air contains B28% less moisture for each 5 C decrease in temperature. It can be argued that coastal California lies upwind from some of the southern Great Basin drainage areas (e.g., Owens Lake) and that similarities in climate records from both areas might be expected. Hendy and Kennett (1999) which contrasts with evidence for a well-developed thermocline during interstades. In addition, Hendy and Kennett (1999) argue that brief negative excursions in SST (B3 C) at the beginning of some interstades were caused by top-down warming of the uppermost surface waters. The additional 4-8 C warming was argued to be caused by replacement of the cool California Current waters with waters of the warm subtropical countercurrent. Their correlation of isotopically light warm events with D-O stades is consistent with our interpretation of TOC maxima with D-O stades (Fig. 5) . However, their record has not been linked to the GISP2 record using paleomagnetic secular variation (PSV). Heusser (1998) analyzed pollen from the same core studied by Hendy and Kennett (1999) and showed that some interstadial events were accompanied by increases in plants that prefer a warm and relatively dry climate (e.g., oak). Heusser (1998) demonstrated that the relative percentage of oak pollen is high during times when Santa Barbara basin sediments are laminated (anaerobic conditions) and when vertical water-mass structures are in place. The pollen data thus appear to indicate that warm and relatively dry conditions persisted along the California coast during some interstades, whereas cold and relatively wet conditions (signaled by peaks in pine and juniper pollen) persisted during some stades. Heusser's (1998) results seem to contradict our association of relatively dry conditions in the Sierra Nevada with stadial conditions. However, it may be that colder temperature, not increased precipitation, was sufficient to cause the replacement of oak by pine along the California coast during stadial events, and that colder ocean temperatures increased the frequency and amount of coastal fog which also encouraged the spread of pine and juniper. In any case, the climate of coastal California can be argued to have little to do with the climate of the Sierra Nevada; in which case, the data sets indicate synoptic variability in climate response of the two regions.
Summary and conclusions
We have linked four Great Basin lake records of change in hydrologic and/or cryologic balances using paleomagnetic features and locations of tephra whose times of deposition in the Pyramid Lake basin are well known. We have corrected the 14 C records for Mono, Summer, and Owens Lake for reservoir effect by comparing the 14 C age of Ash#15 or the MLE15 feature in these lakes with the 14 C age of the Ash#15 in the Pyramid Lake basin and assuming that the reservoir effect has remained unchanged over the time frame of interest. In addition, we have tied the lake records to the GISP2 d
18 O record using a correlation between the MLE/Ash#15 in the lake records and the location of a 36 Cl anomaly/intensity low associated with the MLE in the ice-core record. Reservoir-corrected 14 C data for lake sediments were then used to construct GISP2-equivalent age models for each of the lake records, using the calibration data set of Voelker et al. (1998) .
Within the accuracy of the age models used to construct the climate records, high-latitude Northern Hemisphere D-O interstades can be hypothesized to have been accompanied by relatively warm and wet conditions over the western Great Basin between 46,000 and 27,000 GISP2 yr B.P. Sierran glacial advances occurred during D-O stades when the climate was relatively dry. However, our data are not sufficient to choose between competing hypotheses of climate change (Broecker et al., 1990; Bond et al., 1992; Broecker, 1994; Cane, 1998; Cane and Clement, 1999; Clark et al., 2001; Stott et al., 2002) .
We suggest that the alternating cold/dry and warm/ wet conditions that occurred in the western US between 46,000 and 21,000 GISP2 yr B.P. were directly related to the movement of the PJS. During stades, the mean position of the PJS lay south of 35 N, bringing cold and relatively dry conditions to the Sierra Nevada and western Great Basin. During interstades, the mean position of the PJS shifted north (between 35 and X43 N), greatly increasing the amount of precipitation received by Great Basin surface-water systems. In addition, warmer temperatures associated with the southern boundary of the PJS aided the retreat of Sierran alpine glaciers during interstades.
Climate records from sites that sample much of the Northern Hemisphere indicate that D-O cyclicity impacted much of the hemisphere, perhaps synchronously. The mechanism that begins and ends a D-O oscillation, and the teleconnections that transmit its effects throughout the Northern Hemisphere, are not well understood. We suggest that the data presented in this paper indicate that any theory that seeks to explain the mechanism and propagation of D-O cyclicity should also provide a mechanism that explains the spatial migration of the PJS during D-O oscillations.
